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Abstract Tuberous sclerosis (TSC) is a heterogeneous
trait. Since 1990, linkage studies have yielded putative
TSC loci on chromosomes 9, 11, 12 and 16. Our current
analysis, performed on 14 Dutch and British families, re-
veals only evidence for loci on chromosome 9q34 (TSC1)
and chromosome 16p13 (TSC2). We have found no indi-
cation for a third locus for TSC, linked or unlinked to ei-
ther of these chromosomal regions. The majority of our
families shows linkage to chromosome 9. We have refined
the candidate region for TSC1 to a region of approxi-
mately 5 cM between ABL and ABO.

Introduction

Tuberous sclerosis (T'SC) is an autosomal dominant disor-
der, characterized by hamartomas that may affect numer-
ous organ systems (for a review, see Gomez 1991). Posi-
tional cloning has been hampered by locus heterogeneity.
Linkage was initially reported to markers on chromosome
9q34 (Fryer et al. 1987). However, these findings were
subsequently disputed, until significance for locus hetero-
geneity was demonstrated and the existence of a chromo-
some-9-linked locus (TSC1) was confirmed (Haines et al.
1991 a, b; Janssen et al. 1991; Northrup et al. 1992).
During the period 1990-1992, linkage studies in TSC
were dominated by two main strategies: the development
of more efficient methods for heterogeneity analysis and
the search for other loci responsible for the disease. Sev-
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eral methods for linkage analysis under heterogeneity
have been used. The HOMOG programs (Ott 1991), im-
plementing the admixture test (A-test), have been used
successfully by several research groups (Haines et al.
1991 a, b; Northrup et al. 1992). A more advanced appli-
cation of the A-test, which we have designated the “imag-
inary chromosome approach” (ICA) (Janssen et al. 1990),
involves the synchronous analysis of multipoint linkage
data from multiple candidate regions. The A-test based
approaches are relatively powerful and provide an effi-
cient tool for the assignment of the gene defect, in each
family, to one of the various loci (Janssen et al. 1992). Al-
ternative transparent techniques that are not based on the
A-test have supported the findings obtained with A-test
based approaches (Povey et al. 1991).

Additional chromosomal locations for TSC have been
sought since the demonstration of locus heterogeneity. A
second locus was provisionally assigned to chromosome
11 (Smith et al. 1990) but subsequent heterogeneity analy-
ses have failed to position a locus within the predicted re-
gion on 11q14-23 (Haines et al. 1991 a, b; Janssen et al.
1991; Povey et al. 1991) or have attained marginal signif-
icance levels (Janssen et al. 1990). A de novo transloca-
tion t(3;12) in a TSC patient led to the provisional assign-
ment of a third locus to chromosome 12, through linkage
analysis in 15 German families (Fahsold et al. 1991).
However, a large collaborative heterogeneity analysis in-
volving data from all three regions 9q34, 11q14-23 and
12923.3 provided no evidence for either a locus on chro-
mosome 11 or a locus on chromosome 12 (Sampson et al.
1992). In 1992, Kandt et al. reported linkage to markers
on the tip of chromosome 16p in five large non-chromo-
some-9-linked TSC families. Apart from the incontrovert-
ible evidence for a locus on 16pl3.3, the authors also
showed a clear lack of evidence for loci on chromosome
11 or 12 in these families. However, since only non-chro-
mosome-9-linked families were studied, no comment on
the importance, or even the existence, of a locus on 9q34
could be made. We planned a heterogeneity analysis,
methodologically similar to previous studies (Sampson et
al. 1992) and utilizing data from 9934 and 16p13.3, with
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Table 1 Lod scores and poste-

rior probabilities (HOMOG?2) Family Maximum lod score Lod score at P()sttfrtif)lr_ ,
for individual families Chromo-  Chromo- D9S64 D165291 Of being O linked
some 9 some 16
4079 0.20 0.86 -1.20 0.86 0.015
4210 0.00 1.14 -3.79 1.13 0.000
4077 1.27 0.26 1.27 -0.41 0.989
4219 1.81 0.00 1.81 -1.74 1.000
4221 0.83 0.05 0.83 -0.27 0.959
4222 0.00 0.00 -0.11 —0.11 0.649
4264 0.72 0.03 0.72 -0.69 0.979
1003 0.00 0.14 -0.59 0.04 0.300
1004 0.00 0.88 -3.32 0.88 0.000
1007 0.00 0.00 -0.15 -0.12 0.636
1011 0.00 0.05 -0.22 -0.41 0.745
1012 0.81 0.00 0.80 —0.26 0.955
1015 0.48 0.00 0.05 -0.52 0.876
1013 3.90 0.00 3.90 -5.43 1.000
Total 0.01 -7.05

the aims of gaining a better insight into the TSC hetero-
geneity problem and of achieving more precise map posi-
tions for each locus.

Materials and methods

We selected 14 large families from a mixed group of 24 nuclear
families and extended pedigrees trom Carditf and Rotterdam. Pre-
viously, simulation studies had been performed in order to deter-
mine the power of each family (Janssen et al. 1992). Families that
never showed two or more informative mejoses were left out of the
present analysis, because this type ot family cannot contribute sig-
nificantly, unless an extremely large number of families is avail-
able. Of the 14 selected families, 13 had previously been included
in other analyses. The only changes with regard to family structure
or affection status was the extension of family 1013 and the clari-
fication of previously unknown statuses in this family. One new
five-generation family (family 4210) has been added. We used the
same genetic parameters (corresponding to a penetrance of 95%
and a phenocopy rate of 2%) as in our previous study (Sampson et
al. 1992). We typed markers at ABL (dinucleotide repeat). D9S64
(dinucleotide repeat), ABO and D9S10 (MCT136) on chromo-
some 9. Inter-marker distances (2, 3 and 2 ¢M, respectively) were
taken from the report of the Second Chromosome 9 Workshop
(Kwiatkowski et al. 1993). At ABO, the serological typing was uti-
lized, unless molecular typing of the O-allele had been performed.
In family 1013, D9S10 was uninformative and theretore replaced
by the dinucleotide repeat D9S66, which maps on the same cos-
mid. We typed the markers D16S85 (3’ HVR), D165259 (pGGG1)
and the dinucleotide repeats D16S291 (16AC2.5) and D16S283
(SM7) on chromosome 16. Inter-marker distances (6, | and | cM,
respectively) were taken from Germino et al. (1992) or were in-
ferred from physical distances. On both chromosomes, lod scores
were calculated at intervals of 1 ¢M. Outside the inter-marker
regions, lod scores were calculated at several positions trom
0%—-50% recombination. Heterogeneity was studied using data
from chromosomes 9 and 16 synchronously by ICA, allowing
for two linked loci on the combined chromosomes, or three loci,
one of which is unlinked. The data were analysed by the programs
HOMOG?2 and POINT4 from the HOMOG package (Ott 1991).

Results and discussion

Assuming homogeneity, we obtained a maximum cumu-
lative lod score Z, - ). Of 4.14 at 10% recombina-
tion (® = 0.1) from ABL (Table 1, Fig.1). At each map
position (X,), we calculated the maximum lod score
Z4.x, Xymax DY Optimizing o (proportion of linked fami-
lies) and the position of the other locus (X;). On chromo-
some 9, the lod score peaked at D9S64 (Z 4 x| x,yman =
8.92, o = 0.65). By comparison with Z, _ 1, ,.x» we found
an odds ratio of 6.0 - 10*:1 in favour of heterogeneity.
Still assuming heterogeneity, we calculated the lod score
for TSC1 being unlinked to chromosome 9. This position
is associated with @ Zi, x| - o x,ymax = 0.73, with o = 0.72
and the remainder located at D16S291. (Z, x, - .. x,) may
be unequal to O if o # 1). A comparison of the two lod
scores under heterogeneity revealed substantial evidence
for TSC1 being linked to chromosome 9 (Z = 8.2) with an
odds ratio of [.5 - 10%: 1. To delineate the area further, a
90% confidence interval was constructed, including all lo-
cations with a lod score exceeding Z, x, x,mix — I+ ABL
and ABO do not lie within this confidence interval and are
therefore likely to be flanking markers encompassing a
TSCI1 region of 5 cM.

On chromosome 16 (under the assumption of homo-
geneity), we obtained a maximum lod score Z, - |, mux
of 0.52. Under heterogeneity, the locus mapped at
D16S291, with oo = 0.35 and TSC1 placed at D9S64
(Fig.2) (Zig.x, xmax = 8.92 as discussed above). The un-
linked position was associated with a Zy, x, x, - wymax Of
6.52 at oo = 0.43 and TSCI1 placed at D9S64. This results
in an odds ratio of 2.5 - 10?:1 (Z = 2.4) in favour of link-
age of “TSC2” to chromosome 16. This result, although
not independently significant according to the stringent
guidelines that we have proposed elsewhere (Janssen et
al. 1992) provides a clear confirmation of Kandt’s finding
(Kandt et al. 1992). since none of our families were in his



Fig.1 Results of the multi-

439

D9S64

point analysis of TSC with Lod score (68% linked)
markers on chromosome 9. 10 /
The lower line (m) indicates the —l
cumulative lod score under 4 4
homogeneity. The upper line ) ABO |
(M) indicates the lod score 8 — Odds for heterogeneity: / !
under heterogeneity (Z, x, x.)» 6 101 D9S10/S66 :
as derived from the SR ! T / |
POINT4 program. At each f :
position, Zy, x, x,) was cal- 6 T " ABL Odds for linkage g
culated by optimizing « and 1 with D9S64: 1.5 .10 :1
the position of TSC2. Odds for v |
heterogeneity and linkage are 4 —
depicted with broken arrows .
heterogeneity
2 : homogeneity
1
e e e m e —— S e m-
0
—— cen tel. ——>
1 | ] v ¥ T
unlinked 0,6 -0,4 -0,2 0 0,2 0.4
Morgans
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study. Because of the limited amount of information in the
chromosome-16-linked families, we could not define a
narrow confidence interval for TSC2. The ratio of large
and small families was about the same for both the TSCI
and the TSC2 groups of families.

In order to examine the possibility of a third trait-
causing locus, we repeated the analysis. Instead of two
a-values, three were introduced, where o, and o, are as
before and where o; denotes the proportion of families
linked to neither region. A maximum lod score was ob-
tained if oy = 0%; thus, this data set yields no evidence
for a third locus.

Morgans

Our results demonstrate the usefulness of ICA. In order
to avoid systematic bias, we have chosen to evaluate the
lod scores under heterogeneity directly, rather than select-
ing families by their posterior probability of being linked
to one of the regions, followed by an evaluation of their
Z, - 1, values, as other authors have done (Haines et al.
1992a, b; Northrup et al. 1992). If we had used such a
method, the (inflated) lod score in favour of linkage to
16p13.3 would have been 2.9 instead of 2.4.

During the course of this study, the TSC2 gene on
chromosome 16 has been isolated (European Chromo-
some 16 TSC Consortium 1993). The gene maps less than
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200 kb distal of D16S291. In one of the families (family
4079; posterior probability of being chromosome-16-
linked = 0.985), a reduced level of TSC2 transcript was
demonstrated in all affected family members (European
Chromosome 16 TSC Consortium 1993), thus confirming
the involvement of TSC2 in this tfamily. The excellent
agreement between the statistical and the molecular local-
ization of TSC2 is encouraging for a targeted search for
TSCI in the currently favoured area on chromosome 9.
Molecular diagnosis should soon be feasible in large fam-
ilies.

Acknowledgements We thank all persons involved in the TSC
projects in Cardiff and Rotterdam, and our funding organisations:
The Netherlands Organization for Scientific research, Action Re-
search and the Prevention Fund. We are especially thankful to the
patients and their organisations: The Tuberous Sclerosis Associa-
tion (England and Wales) and the Stichting Tubereuze Sclerosis
Nederland.

References

European Chromosome 16 Tuberous Sclerosis Consortium (1993)
Isolation and characterization of the tuberous sclerosis gene on
chromosome 16. Cell 75:1305-1315

Fahsold R, Rott H-D, Lorenz P (1991) A third gene locus for
tuberous sclerosis is closely linked to the phenylalanine hy-
droxylase locus. Hum Genet 88 :85-90

Fryer AE, Chalmers A, Connor JM, Fraser [, Povey S, Yates AD,
Yates JRW, Osborne JP (1987) Evidence that the gene for
tuberous sclerosis is on chromosome 9. Lancet 1:659-661

Germino GG, Weinstat-Saslow D, Himmelbrauer H, Gillespie
GAJ, Somlo S, Wirth B, Barton N, Harris KL, Frischauf A-M,
Reeders ST (1992) The gene for autosomal dominant polycys-
tic kidney disease lies in a 750-kb CpG-rich region. Genomics
13:144-151

Gomez MR (1991) Phenotypes of the tuberous sclerosis complex
with a revision of diagnostic criteria. Ann NY Acad Sci 615:
1-7

Haines JL. Amos J, Attwoood J, Bech-Hansen NT, Burley M,
Conneally PM, Connor JM, Fahsold R, Flodman P, Fryer A,
Halley DJJ, Jewell A, Janssen LAJ, Kandt R, Northrup H, Os-
borne J, Pericak-Vance M, Povey S, Sampson J, Short MP,
Smith M, Speer M, Trofatter JA, Yates JRW (1991 a) Genetic
heterogeneity in tuberous sclerosis: study of a large collabora-
tive dataset. Ann NY Acad Sci 615:256-264

Haines JL, Short MP, Kwiatkowski DJ, Jewell A, Andermann E,
Bejjani B, Yang C-H, Gusella JE, Amos JA (1991b) Localiza-
tion of one gene for tuberous sclerosis within 9932-9q34, and
further evidence for heterogeneity. Am J Hum Genet 49:
764-772

Janssen LAJ, Sandkuyl LA, Merkens EC, Maat-Kievit JA, Samp-
son JR, Fleury P, Hennekam RCM, Grosveld GC, Lindhout D,
Halley DJJ (1990) Genetic heterogeneity in tuberous sclerosis.
Genomics 8:237-242

Janssen LAJ, Povey S, Attwood J. Sandkuyl LA, Lindhout D.
Flodman P, Smith M, Sampson JR, Haines JL., Merkens EC,
Fleury P, Short P, Amos J, Halley DJJ (1991) A comparative
study on genetic heterogeneity in tuberous sclerosis: evidence
tor one gene on 9934 and a second gene on 11¢q22-23. Ann NY
Acad Sci 615:306-315

Janssen LAJ, Sandkuijl LA, Sampson JR, Halley DJJ (1992) Com-
puter simulation of linkage and heterogeneity in tuberous scle-
rosis: a critical evaluation of the collaborative family data. J
Med Genet 29:867-874

Kandt RS, Haines JL, Smith M, Northrup H, Gardner RJIM, Short
MP, Dumars K, Roach ES, Steingold S, Wall S, Blanton SH,
Flodman P, Kwiatkowski DJ, Jewell A, Weber JL, Roses AD,
Pericak-Vance MA (1992) Linkage of an important gene locus
for tuberous sclerosis to a chromosome 16 marker for polycys-
tic kidney disease. Nature Genet 2:37-41

Kwiatkowski DJ, Armour J, Bale AE, Fountain JW, Goudie D,
Haines JL., Knowles MA, Pilz A, Slaugenhaupt S, Povey S
(1993) Report on the Second International Workshop on hu-
man chromosome 9. Cytogenet Cell Genet 64:94-106

Northrup H, Kwiatkowski DJ. Roach ES, Dobyns WB, Lewis RA,
Herman GE, Rodriguez E, Daiger SP, Blanton SH (1992) Evi-
dence for genetic heterogeneity in tuberous sclerosis: one locus
on chromosome 9 and at least one locus elsewhere. Am J Hum
Genet 51:709-720

Ott J (1991) Analysis of human genetic linkage. rev. edn. Johns
Hopkins University Press, Baltimore London

Povey S, Attwood J, Janssen LAJ, Burley M, Smith M. Flodman
P, Morton NE, Edwards JH, Sampson JR, Yates JRW, Haines
JL. Amos J, Short MP, Sandkuyl LA, Halley DJJ, Fryer AE,
Bech-Hansen T, Mueller R, Al-Ghazali L, Super M, Osborne J
(1991) An attempt to map two genes for tuberous sclerosis us-
ing novel two-point methods. Ann NY Acad Sci 615:298-305

Sampson JR, Janssen LAJ, Sandkuijl LA (1992) Linkage investi-
gation of three putative tuberous sclerosis determining loci on
chromosomes 9q. 11q and 12q. J Med Genet 29:861-866

Smith M, Smalley S, Cantor R, Pandolfo M, Gomez M, Baumann
R, Flodman P, Yoshiyama K, Nakamura Y, Julier C, Dumars
K, Haines J, Troffater J, Spence MA, Weeks D, Conneally M
(1990) Mapping of a gene determining tuberous sclerosis to
human chromosome 11¢14-q23. Genomics 6:105-114



